The lattice thermal conductivities (κ) of binary compound materials are examined as a function of hydrostatic pressure, P, using a first-principles approach. Compounds with relatively small mass ratios, such as MgO, show an increase in κ with P, consistent with measurements.
The first principles approach for determining κ has been described previously [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , including examination of κ as a function of P [27] [28] [29] . This approach has no adjustable parameters and has demonstrated very good agreement with measured κ for a variety of systems, which has validated its predictive capability. The present approach uses a full, iterative solution of the Peierls-Boltzmann equation for 1 λ n . The only inputs are harmonic and anharmonic interatomic force constants (IFCs). The harmonic IFCs were calculated within density functional perturbation theory [30] using the Quantum Espresso package [31, 32] . Calculations used the local density approximation and norm-conserving pseudopotentials for the core electrons.
Typically, an 80-100 Ryd plane-wave energy cutoff was used with 6x6x6 k-point meshes for the electronic structure and phonon integrations. Anharmonic IFCs were calculated within density functional theory [33, 34] using 80-100 Ryd plane-wave energy cutoffs and gamma point calculations in 216 atom supercells with interactions from 3rd or 5th nearest neighbors of the unit cell atoms. Further details are in Ref. 21 . The harmonic IFCs give the phonon frequencies, velocities and specific heat. Anharmonic IFCs are required for the three-phonon scattering rates.
We take κ to be limited by only intrinsic three-phonon scattering [35] . The ground state is determined by adjusting the lattice constant, a, to minimize the total energy. For each system, we decrease a from this value to get a hydrostatic pressure [31] , at which we calculate the harmonic and anharmonic IFCs.
Results-We have calculated the pressure dependence of κ for a large number of elemental, III-V and II-VI cubic compounds. We have chosen cubic materials in part because the isotropy of κ gives simpler and more intuitive changes in κ with P. Here, we provide illustrative results for:
MgO, GaAs, SiC, BN, BP, BSb, BAs, BeTe, and BeSe, a set of compounds with widely varying mass ratios (see Table I ). The last four have much larger mass ratios of constituent atoms than do the first five. This gives qualitatively different pressure dependences of κ. We note that for the materials considered here pressures are far less than those at which measured or calculated phase transitions occur, e.g., BAs (125 GPa) [38] , BeSe (56 GPa) [39] , BeTe (35 GPa) [39] , and BSb P=56 GPa [40] . For several compounds we examined-CuCl, Si, Ge, AlSb, InAs and InSb-calculated TA frequencies soften significantly with small applied P, indicating an approach to a PIPT. We did not include these materials here since the focus of the present paper is identifying and explaining novel thermal transport behavior for which conventional theory fails both qualitatively and quantitatively in predicting κ(P). Figure 1 shows the phonon dispersions for cubic MgO, an important constituent of the earth's lower mantle whose P dependent κ has attracted wide attention [8, 9, 27] . The calculated phonon frequencies for both P=0 and P>0 agree well with measurements reflecting the accuracy of our harmonic IFCs. Note that increasing P increases phonon frequencies.
The left panel in Fig. 2 gives the calculated and measured [9] κ for MgO as a function of P at T=300K. Inclusion of phonon scattering by isotopes, impurities and sample boundaries [44, 45] gives reasonable agreement with the measured κ and confirms dκ/dP>0. Calculated κ/κ 0 versus P for BSb, BAs, BeTe and BeSe are shown in the right panel. Values for κ 0 , the isotopically pure κ at P=0, are given in Table I . Although the changes in the phonon dispersions of these large mass ratio compounds with P are similar to those in MgO (see Fig. S1 in Ref. 46 ), κ decreases with P, opposite to the expected behavior. Table I illustrates this distinction between the small and large mass ratio compounds for a number of materials. Note that, in contrast to the ab initio results, the LS theory (discussed below) gives dκ/dP>0 for all materials. We explain the different behaviors in terms of the fundamentally different scattering processes that govern κ in these systems.
Eq. 1 shows that κ(P) can be expressed in terms of two features: changes in specific heat and phonon velocities ( For the large range of materials examined here, the change in κ with P is governed primarily by changes in phonon lifetimes.
Thus, in order for κ to decrease with increasing P, phonon lifetimes must decrease.
To understand how λ τ changes with P, we group three-phonon scattering processes according below. This reduction dominates the change in κ giving dκ/dP>0 (see Table I ) around room temperature, in qualitative agreement with measured data [2] [3] [4] [6] [7] [8] [9] [10] . It is interesting that the value (dκ/dP)/κ 0 =0.009 GPa -1 given in Table I for BN (also obtained independently from the ShengBTE code [47] ) is significantly larger than that given in Ref. 29 Table I ). In such cases, λ τ and κ depend on aaa scattering. Acoustic phonon branches are typically bunched together in large mass ratio compounds. In these, TA and LA branches separate with increasing P giving increased aaa phase space and phonon-phonon scattering rates (see Figs. S1 and S4 in Ref. 46 ). The resulting smaller acoustic phonon lifetimes prevail against the increased acoustic velocities giving decreasing κ with P.
Consider how κ and dκ/dP vary as the size of the a-o gap is increased [48] . Figure require correspondingly larger mass ratios to achieve the freeze-out condition.
The above behavior can be understood qualitatively by examining the three-phonon scattering phase space [49] :
which is constrained by the energy and momentum conservation conditions:
where K is a reciprocal lattice vector. For small mass ratio, the aao processes contribute significantly to ph aao
, and these combined with the aaa processes give a large phase space for three-phonon scattering (see Fig 3 inset ). With increasing m 2 /m 1 the aao and, to a lesser extent, the aaa phase spaces decrease contributing to the increase in κ seen in Fig. 3 .
Beyond the aao freeze-out condition, only aaa scattering occurs giving a phase space that weakly decreases with increasing mass ratio. Table I shows that the aao phase space typically decreases with increasing P while the aaa phase space typically increases with increasing P (see Why does the LS theory not capture the decrease in κ with P? It gives [7, 11] :
, where A is a constant, ω D is the acoustic Debye frequency and γ is a modeaveraged Grüneisen parameter [46] . Upon compression, V decreases, while ω D increases as phonons are shifted to higher frequencies, and γ decreases because of the stiffening of the interatomic potential. The decrease in V is more than compensated by the increase from 2 3 / γ ω D giving an increased κ. Phonon-phonon scattering rates are affected by anharmonicity and by the scattering phase space. The LS theory represents the anharmonicity through γ . However, it does not capture the details of the three-phonon phase space. This phase space and its changes with P can be highly variable across materials. With increasing P the energy-momentum conserving surfaces for aaa processes become larger. On the other hand, for aao processes, the a-o gap increases more rapidly than the maximum acoustic frequency, which typically decreases the aao phase space. Such changes are not accounted for in LS theory. For small a-o gap materials, they contribute to give dκ/dP>0, consistent with LS theory. For large a-o gap materials, they contribute to give dκ/dP<0, contrary to LS theory.
Summary-The pressure (P) dependence of the lattice thermal conductivities, κ, of a large number of cubic binary compounds has been studied using an ab initio theory of thermal transport. For compounds with similar masses, κ increases with P because anharmonic threephonon scattering involving two acoustic phonons and one optic phonon (aao processes) gets weaker. This increase is consistent with previous measurements and with simple theory. In contrast, for large mass ratio compounds having a large frequency gap between acoustic and optic phonons, aao processes do not occur. Then scattering between acoustic phonons limits κ, which decreases with P due to increased scattering phase space. Such behavior is not predicted by the simple theory [11] commonly used to analyze κ(P), and it has not been observed previously in crystals far from a pressure-induced phase transition. These results demonstrate the power of ab initio methods for elucidating the underlying physics of thermal transport and motivate the growth of new classes of materials with large mass ratios. 
